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1
TARGET DETECTION UTILIZING IMAGE
ARRAY COMPARISON

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a continuation-in-part to U.S. patent
Ser. No. 13/046,250 entitled “System and Method for Itera-
tive Fourier Side Lobe Reduction, filed Mar. 11, 2011 (ARL
09-20CIP), hereby incorporated by reference, which is a con-
tinuation-in-part of and claims priority to U.S. application
Ser. No. 12/881,364, filed on Sep. 14, 2010, entitled “Method
and System for Forming Very Low Noise Imagery Using
Pixel Classification,” and U.S. patent application Ser. No.
12/331,888, filed on Dec. 10, 2008, now U.S. Pat. No. 7,796,
829, entitled “Method and system for forming an image with
enhanced contrast and/or reduced noise.” U.S. patent appli-
cation Ser. Nos. 13/046,250, 12/331,888 and U.S. Pat. No.
7,796,829 are hereby incorporated by reference as though
fully rewritten herein. This application is the nonprovisional
application (and claims priority to) Provisional Application
No. 61/561,553, entitled Randomized Antenna Array for
Moving Target Indication, filed Nov. 18, 2011 (hereby incor-
porated by reference).

BACKGROUND OF THE INVENTION

Detection of targets hidden behind walls remains an impor-
tant area of research within the radar community, and many
researchers have recently reported interesting findings. The
need for effective wall penetration has often driven investi-
gators to consider systems utilizing lower frequencies, while
the need for high resolution has driven them to consider
large-bandwidth systems. One such system—the Army
Research Laboratory’s ultra-wideband (UWB) synchronous,
impulse reconstruction (SIRE) radar—includes both of these
characteristics. Not surprisingly, it has shown promise when
leveraged for sensing through the wall (STTW) applications.

Much of past moving target indication (MTI) work cen-
tered on STTW detection of moving targets using SIRE radar
data. This work, however, has not incorporated newly formu-
lated extensions of documented synthetic aperture radar
(SAR) techniques, and inclusion of these adapted techniques
should produce higher quality MTI imagery. In particular,
there exists a need for elimination of artifacts in cross range
due to time-domain focusing methodologies such as time-
domain back-projection.

SUMMARY OF THE PRESENT INVENTION

A preferred embodiment of the present invention is
directed to an artifact-reduction technique for near-field,
time-domain, through the wall (TTW) MTI image-formation
algorithms. The technique exploits measurements from mul-
tiple realizations of a randomly configured, linear receive
array, rather than simply processing measurements from the
original array. This “multi-array” processing effectively
reduces cross-range sidelobe artifacts at the expense of addi-
tional computational complexity. The randomly configured,
linear receive arrays are implemented through the random
excision of a subset of available receive channels, and the
output MTI image is produced through a judicious combina-
tion of imagery created with the various sub-arrays.

A preferred embodiment system for forming an image
comprises at least one processor for performing the follow-
ing; initializing an N by P image array 1, by setting all values
to a large number; inputting at least one image frame; ran-

2

domly selecting and removing a subset of pixel locations

from the total number of available pixel locations to form a

preliminary image array I; for each pixel location (i,j) com-

paring the complex magnitude of each pixel in the image
5 array I, with the magnitude of the corresponding pixel in
image array [, and if the pixel value in the image array 1 is
smaller than the corresponding pixel in the image array I, or
if the I~ value equals 0, then the current pixel value in image
array 1, is replaced by the pixel value in the image array I .;
and repeating for a number of iterations to form an image.

A preferred methodology comprises inputting from at least

one data receiving element data representing positional and
radar data; each of the positional data forming a positional
record in an array of positional records; each of the radar data
comprising a first number of radar data points in the fre-
quency domain,

forming an image comprising an array of pixel values com-
prising:

a) randomly setting a percentage of the first number of
radar data points to zero;

b) transforming the first number of radar data points into
time domain projection data;

¢) differentiating the projection data in the time domain to
create a new set of projection data indicating the location
of moving targets;

d) forming an image by processing the projection data
utilizing an imaging subsystem that combines the posi-
tional and projection data to form the moving target
indication (MTI) imagery utilizing one of a back-pro-
jection algorithm or range migration algorithm;

e) forming the complete aperture A, for MTI image forma-
tion comprising combining the projection data, the coor-
dinates of the receiver, and the coordinates of the trans-
mitter for each positional record;

f) forming an imaging grid comprising M image pixels
wherein each pixel in the imaging grid is located at
coordinate (X5(1), (1), Z5(1));

g) saving the pixel values for each of the M image pixels
into a composite image grid;

h) randomly setting a percentage of the first number of
radar data points to zero;

1) transforming the first number of radar data points into
time domain projection data;

j) differentiating the projection data in the time domain to
create a new set of projection data indicating the location
of moving targets;

k) forming an image by processing the projection data
utilizing an imaging subsystem that combines the posi-
tional and projection data to form the SAR imagery
utilizing one of a back-projection algorithm or range
migration algorithm;

1) forming the complete aperture A, for MTI image forma-
tion comprising

combining the projection data, the coordinates of the

55 receiver, and the coordinates of the transmitter for each posi-
tional record;

m) forming an imaging grid comprising M image pixels
wherein each pixel in the imaging grid is located at
coordinate (X5(1), (1), Z5(1));

n) comparing the pixel values of the imaging grid to the
corresponding pixel values of the composite image;

0) replacing the pixel values in the composite image grid if
the pixel value is less in the imaging grid than the cor-
responding pixel value of the composite image grid to
form a new composite image grid;

p) repeating the steps g) through m) for a predetermined
number of iterations;
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whereby the composite image grid is outputted with reduced
sidelobes and noise.

BRIEF DESCRIPTION OF THE DRAWINGS

The patent or application file contains at least one drawing
executed in color. Copies of this patent or patent application
publication with color drawing(s) will be provided by the
Office upon request and payment of the necessary fee.

In FIGS. 11, 13-15 the colors represent a decibel range
which ranges from red to blue, red being the strongest signal
and blue being the weakest.

These and/or other aspects and advantages of the invention
will become apparent and more readily appreciated from the
following description of the embodiments, taken in conjunc-
tion with the accompanying drawings of which: The drawings
of'this invention are illustrative and diagrammatic in nature in
order to present the principles of the invention. They are being
provided as examples without limiting the invention to the
specific configuration or dimensions shown.

FIG. 1A is a schematic diagram of a generalized conven-
tional technique for image projection.

FIG. 1B is a schematic diagram of ultra wide band (UWB)
forward looking radar imaging geometry and mosaic imag-
ing.

FIG. 2 illustrates the back-projection image formation
being applied to each sub-image.

FIG. 3 is a schematic diagram illustrating a comparison of
an original aperture and the generation of a subset of the radar
aperture for each iteration.

FIG. 4 is a flow chart representation of an embodiment
utilizing a Recursive Sidelobe Minimization (RSM) Tech-
nique using multiple compressive apertures.

FIG. 5 illustrates an overall SAR system block diagram of
an embodiment.

FIG. 6 illustrates the processing steps of a pixel character-
ization technique.

FIG. 7 illustrates a schematic block diagram of preferred
embodiment of the present invention.

FIG. 8 illustrates a schematic flow chart of steps represent-
ing an expansion of boxes 11, 12, and 13 of FIG. 7.

FIG. 9 illustrates an expansion of processing represented
by blocks in FIG. 7 comprising Sidelobe Reduction Pre-
processing (represented by Box 21) and Sidelobe Reduction
Post-processing (represented Box 22). Note that if the process
is used only to form a high resolution range profile (i.e. a high
resolution signature); then the SAR Image Formation block
becomes a 1-Dimensional Fourier Transform and there is a
single Tx/Rx box on the left side of FIG. 7.

FIG. 10 illustrates a schematic flow chart wherein the out-
put is IxJ pixels, L is the total number of iterations, k is the
number of receive channels, focused_image is the IxJ image
that is produced during each iteration, and minlmage is the
processed image output by the algorithm. Note, also, that the
SFRSM forfeits phase information because only pixel mag-
nitudes are compared and saved.

FIG. 11 is an illustration depicting an example of CD
image showing a man walking behind a cinderblock wall. The
dynamic range of the image is 30 dB (relative to the peak pixel
value). The image begins at 8 m (in down-range) from the
radar.

FIG. 12 is a schematic representation of the imaging geom-
etry for the RLA experiments. The walls are cinderblock, and
the SIRE system includes 16 receive channels. The two trans-
mitters are located at either end of the receive array.

FIG. 13 is an illustration of examples of CD imagery pro-
duced by RLA algorithm. Note the absence of the sidelobe
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“arcs” evident in FIG. 1. The dynamic range of the image is 30
dB (relative to the peak pixel value)—same color scale as
FIG. 1.

FIG. 14 is an illustration of ah example of CD image
showing a man walking behind a cinderblock wall. The
dynamic range ofthe image is 30 dB (relative to the peak pixel
value)—same color scale as FIG. 1.

FIG. 15 illustrates an image showing reduction in sidelobe
level (in dB) realized by the RLA processing.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

The invention now will be described more fully hereinafter
with reference to the accompanying drawings, in which
embodiments of the invention are shown. This invention may,
however, be embodied in many different forms, utilized in
difference programming languages, and should not be con-
strued as limited to the embodiments set forth herein. Rather,
these embodiments are provided so that this disclosure will be
thorough and complete, and will fully convey the scope of the
invention to those skilled in the art. Like reference numerals
refer to like elements throughout the description of the fig-
ures.

It will be understood that, although the terms first, second,
etc. may be used herein to describe various elements, these
elements should not be limited by these terms. These terms
are only used to distinguish one element from another. For
example, a first layer could be termed a second layer, and,
similarly, a second layer could be termed a first layer without
departing from the teachings of the disclosure.

The terminology used herein is for the purpose of describ-
ing particular embodiments only and is not intended to be
limiting of the invention. As used herein, the singular forms
“a”, “an” and “the” are intended to include the plural forms as
well, unless the context clearly indicates otherwise. It will be
further understood that the terms “comprises” and/or “com-
prising,” or “includes” and/or “including” when used in this
specification, specify the presence of stated features, regions,
integers, steps, operations, elements, and/or components, but
do not preclude the presence or addition of one or more other
features, regions, integers, steps, operations, elements, com-
ponents, and/or groups thereof.

Furthermore, relative terms, such as “lower” or “bottom”
and “upper” or “top,” “left” or right” may be used herein to
describe one element’s relationship to other elements as illus-
trated in the Figures. It will be understood that relative terms
are intended to encompass different orientations of the device
in addition to the orientation depicted in the Figures. For
example, if the device in one of the figures were turned over,
elements described as being on the “lower” side of other
elements would then be oriented on “upper” sides of the other
elements. The exemplary term “lower”, can therefore,
encompass both an orientation of “lower” and “upper,”
depending of the particular orientation of the figure. Simi-
larly, if the device in one of the figures is turned over; ele-
ments described as “below” or “beneath” other elements
would then be oriented “above” the other elements. The
exemplary terms “below” or “beneath” can, therefore,
encompass both an orientation of above and below.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which this invention belongs. It will be further understood
that terms, such as those defined in commonly used dictio-
naries, should be interpreted as having a meaning that is
consistent with their meaning in the context of the relevant art
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and the present disclosure, and will not be interpreted in an
idealized or overly formal sense unless expressly so defined
herein.

Recursive Sidelobe Minimization (RSM)

As depicted FIG. 4, radar data is collected from a number
of positions. For each position, radar data and the positional
data are recorded. A “data point” represents the received
signal radar data from each position obtained during an
instant or interval in time combined with positional informa-
tion corresponding to the transmitting and/or receiving posi-
tion or location. The data points may be collected by either an
array of elements or a single moving element which receives
data at points in time, or the combination of both; e.g., a
physical array of elements with the elements moving over
increments of time. The data/collection may be sporadic or at
specific intervals of time. As exemplified in FIG. 3, data
points are obtained using an array of receiving elements
which receive data incrementally. The data points are
arranged to form an aperture. As used herein, the term “aper-
ture” means the information or data components used to form
an image; which may be for example, an array of data points
developed from a scanned area, target or scene which can be
used to form an image. In the apertures depicted in FIG. 3,
each column represents an interval during which the 1-k
elements receive data; each data point representing the image
data from the signal received combined with the coordinates
of' the receiving element. After the data points are established
in an aperture (or array), as diagrammatically shown in FIG.
3, a substantial portion of data points are removed from the
original aperture (array of data points) to form a “subarray.”
Conversely, the “subarray” may be formed by the selection of
data points within the original aperture. Depending upon the
quality of the result desired and the nature of the image being
undertaken, the substantial portion of the data points removed
or selected may range from as little as one percent to ninety
percent. However, one percent removal will result in negli-
gible difference and ninety percent removal will result in
drastic reduction of image quality. In general, it is preferred
that the percentage of data points subject to removal be within
a range of approximately twenty to fifty percent. Using the
remaining data points in the aperture, a first preliminary
image is formed. During a second interval, the process of
removing a different set of twenty to fifty percent of the data
points within the original aperture is repeated and a second
aperture is formed. In a preferred embodiment, the data points
subject to removal are randomly chosen. However, random
selection is not necessary to practice the principles of the
present invention and some other arbitrary or contrived selec-
tion process may be used.

A second preliminary image is formed from the second
aperture following the removal of a different set of data
points. The first and second preliminary images are then
compared. Using the principles of the RSM technique, the
magnitude of the signal at each bit-mapped location of the
preliminary images is compared. Any pixel having a greater
or equal value is discarded, and only the lesser value is used
for each bit-mapped location in the merged image. For each
subsequent iteration, approximately twenty to fifty percent of
the data points are removed to form an aperture and the
preliminary image developed therefrom is compared with the
previously merged image. The magnitude of the signal ateach
pixel or bit mapped location is compared and only the lesser
value is retained for each bit mapped location in the combined
image. This process is repeated iteratively over a series of
iterations, which may be for example ten to several hundred
iterations. The result is the substantial elimination of noise
from the resulting merged image.
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Although the technique is implemented and demonstrated
for the ultra wide band forward-looking imaging radar (e.g.,
ARL SIRE), the technique is suitable for used for other image
radar as well. The technique may also be applied for the
BoomSAR radar, which is a different radar with different
configuration (side-looking). Moreover, this imaging tech-
nique is not limited to the formation of radar images as it can
be applied to other applications such as CAT scans, magnetic
resonance, seismic, sonar, and acoustic imaging.

Use of the Recursive Sidelobe Minimization (RSM) tech-
nique results in an improvement of image contrast by reduc-
ing system noise by a significant level, significantly improv-
ing system performance; and can be adapted for use with
existing radar systems. Results include the generation of high
contrast images produced by significantly reducing the noise
level in the system such that very difficult targets or objects
(with low amplitudes) in the image can be detected, which
otherwise would be embedded in the system noise.

Generally speaking, in any imaging system, the sidelobes
from large objects or noisy spots generated by the system may
be mistaken as targets of interest. In accordance with the
principles of the present invention, the large sidelobes are
substantially virtually eliminated, thus reducing the false
alarm objects that would be considered as targets of interest.

Possible uses/other than radar imaging include magnetic
resonance imaging, CAT scan, sonar imaging, and acoustic
imaging.

Recursive Sidelobe Minimization using Compressive Aper-
ture

FIG. 4 shows a preferred embodiment flow chart of the
Recursive Sidelobe Minimization (RSM) technique using a
compressive aperture which significantly reduces the multi-
plicative noise in the process of forming a SAR image. As
used herein, the term “compressive aperture” refers to an
aperture after randomly or arbitrarily selected data points
have been removed. FIG. 4 illustrates the following steps:

Step 1A—Radar data and its position information is
acquired.

Step 2A—The radar aperture is formed in preparation for
image formation. The aperture consists of K elements. Each
element in the radar aperture includes the radar receiving
position information (xz(k),yz(k),Zz(k)), the radar transmit-
ting information (X {(k),y /(k),zZ(k)), and the data record s,(t)
that the radar measures at this location. For side-looking
radar, the aperture is usually a linear path with data measured
along the path. For the forward-looking radar mentioned
above, a 2D radar aperture is generated; formed by the physi-
cal antenna array and the forward motion of the radar.
Although the terminology “2D” or two dimensional is used to
reflect the aperture configuration, the data within the 2D
aperture may contain three dimensional information concern-
ing the target area in that the signal data may include the
distance at which the target is located relative to the receiving
element. In general, the radar aperture may take any of a
variety of shapes and those shown are merely examples.

Step 3A—The imaging grid is formed. In a preferred
embodiment a rectangular imaging grid is generated although
the imaging grid could be arbitrary defined. Each pixel P, the
imaging grid is located at coordinate (X(1),y5(1),Z5(1)).

Step 4A—A random compressive aperture is generated
using the radar aperture with K elements from step 2A. The
compressive aperture is formed by selecting only L. elements
from the original aperture for the imaging process. The value
forLis

L=p-K. Where 0<p<1 (6)
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Accordingly, only a subset of the aperture positions are used
for image formation. The remaining K-L aperture positions
are simply discarded for this realization. The typical number
that we use for our configuration is p=0.8 (i.e., 80% of the
aperture is employed and 20% of the aperture is discarded at
each iteration). The value of p that can achieve best result
should be examined and optimized for each configuration of
geometry and radar data set. In a preferred embodiment, the
selection of L. aperture positions is completely random for
each realization. If A, represents a vector that contains the
indices of aperture positions to be included in the image
formation process for 1" realization, then:

M

A= <a,1,a,2, . 01L>

where a;,, is a random number, /<a;, <K and a;,=a;,
for m=n.

®)

The technique disclosed in the *829 Patent may use a
random number generator that produces random numbers
with certain distribution. Those of ordinary skill in the art
would readily appreciate that there are many types of distri-
butions. The two distributions that are widely employed in
practice are uniform (in which all values from a finite set of
possible values are equally probable) and Gaussian (in which
all values from a finite set of possible values follow the
Gaussian distribution that has the shape of a bell curve).
Although any random number distribution could be used to
realize (7) and (8), a uniform distribution random number
generator may be employed in this preferred embodiment.
There are many different implementations for generating a
uniformly distributed random numbers for use in conjunction
with the present invention; including those random number
generator routines that are usually defined and included in
general purpose computer programming languages. For
example, in C programming language the two routines
srand( ) and rand( ) are used to generate a random number.
First, the srand( ) routine is called to initialize the random
number generator. Next, the rand( ) routine is called to gen-
erate a random number between 0 and a predefined value
RAND_MAX. The following code fragment (C language)
demonstrates how to generate 100 uniformly distributed,
numbers that have values from 0 to M=1000.

seed=9000;  /* choose a seed value */
srand(seed); /* initialize random number generator */
M=1000; /* initialize value of M */

For(i=1; i<100 ; i++)

/* random1 is a floating-point number from O to 1 (not including 1) */
random1= ( (double)rand( )/((double)(RAND_ MAX)+(double)(1));

/* random? is a floating-point number from 0 to M (not including M) */
random?2=(double)M* random__1;

/* random3 is an integer number from 1 to M (including M) */
random3=(int)random?2+1;

To generate the vector of random number A, as described in
(7) and (8), one can use the random number generator as
shown in the above code, fragment example. Each time a
random number is generated, it is compared to the previous
ones to ensure that all elements in A, are unique as specified in
(8). Otherwise, another random number is generated to sat-
isfy (8).

It can be readily appreciated by those of ordinary skill in
the art that the term “random numbers” as used herein
includes numbers generated selectively or arbitrarily. As
shown in the foregoing, the selection process may be one of
those commonly associated with computer programming, but
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other number selection processes or arbitrary number selec-
tion processes may be utilized to achieve the same or similar
results without departing from the principles of the present
invention.

FIG. 3 illustrates the original radar aperture and two com-
pressive apertures generated at two different iterations. Each
compressive aperture is a subset of the original aperture with
gaps (deleted data points) introduced. Since the locations of
the gaps in a preferred embodiment are randomly generated,
the compressive aperture from (1-1)" iteration is different
than the compressive aperture from (1)* iteration. In this
preferred embodiment, the randomness of the gap locations is
an important feature that enables performance improvement.

Generally speaking, it is hot intuitive as to why only a
subset of the original radar aperture is used instead of the full
aperture for forming image, since gaps introduced in the
subset of an aperture would seem to result in inferior perfor-
mance. In prior art conventional techniques, one generally
prefers the full data set and avoids the gapped data set. How-
ever, the benefit of this “subset” approach will be examined
later in conjunction with step 7A below.

Step SA—The image is formed using the compressive
aperture generated from step 4A. The compressive aperture
derived from A, with L elements is then used to form the 1
realization of the sub-image using the backprojection method
as described above.

This results in the 1" realization of the sub-image with I
pixels in the down-range direction and J pixels in the cross-
range direction, where N=I-J

lth

1={p)) 1si=N, ©)

where P,(i) is computed using equation (1) with modification,
reproduced below:

PO = I wesi(f6) (1b)
€4y

Note that in the summation, the values of index k are
selected from the random vector A, defined in (7).

Step 6A—The envelope of the image generated in step SA
is computed. The image generated in step SA can also be
written as:

1={Pyi) ) 1sist 15727 (10)

where P, is the i™ down-range profile from the 1 realization
sub-image.

The corresponding quadrature component of this image
down-range profile is computed by applying the Hilbert trans-
form filter to the in-phase component

PH,~Hilbert(PH,) (11)

The Hilbert transform filter has magnitude 1 at all frequen-
cies and introduces a phase shift of

for positive frequencies and
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for negative frequencies. Thus, the Hilbert transform filter is
used to shift the real signal (each image down-range profile)

by

TR

to generate its quadrature component in order to compute its
envelope.

As disclosed in the 829 Patent, in one preferred embodi-
ment using the Hilbert transform filter, the envelope of the j*
down-range profile from the 1”* realization of the image may
be computed as:

PE, ,j:\/(Plj)2+(PHlj)2.(where the subscript is if) (12)

The envelope of this image is simply

1=\PE(0) ) 1sisl 15/ (13)

Step 7A—An intermediate resulting image is computed.
The minimum operator is applied to two images: 1) the inter-
mediate result from previous iteration (1-1)” and 2) the image
formed from this iteration. For each image pixel, the values of
the two images are compared and the minimum value is
selected

Immmin {1, Im,. ) 2slsM 14

where 1m, is the intermediate resulting image at (i) iteration.
Note that equation (14) is defined for 2<1<M. For the first
iteration (I=1), Im,, is initialized with a very large values, so

that the intermediate resulting image Im,=min(I,,Im,}=1,.

After step 7A, the algorithm returns to step 4A to continue
with the next iteration until the M” iteration is finished. The
intermediate resulting image is also sent to the display routine
for visualizing the image.

Although in the *829 Patent, the application of the RSM
technique for a preferred embodiment configuration (a UWB
radar configured in forward-looking imaging mode), this
RSM method could be applied to any coherent imaging sys-
tem where measurements from an aperture of arbitrary geom-
etry (linear, curve, 2-D, or 3-D) are coherently integrated to
form a 2D or 3D image.

The °829 Patent includes a code listing representative of
the RSM algorithm in Appendix A (hereby incorporated by
reference).

Image Formation by Pixel Classification (Based Upon Varia-
tion of Pixels Over Iteration Process)

FIG. 1A shows an imaging scenario. The radar is mounted
on a vehicle (ground-based or airborne). The radar moves
along a path that is formed while the vehicle is moving. Along
the vehicle path, the radar transmits signals to illuminate the
area of interest located on the side of the radar, captures the
return radar data and its position data, and combines the data
to form the SAR image of the area. Although FIG. 1A illus-
trates the radar system that is configured in side-looking
mode, the concept of operation is the same for the forward-
looking mode. An article by one of the coinventors, Lam
Nguyen, “Signal and Image Processing Algorithms for the
U.S. Army Research Laboratory Ultra-wideband (UWB)
Synchronous Impulse Reconstruction (SIRE) Radar,” ARL
Technical Report ARL-TR-4784, April 2009 (hereby incor-
porated by reference) describes the ARL radar operations and
processing steps in both side-looking mode and forward-
looking mode. FIG. 16 shows the overall SAR system block
diagram of a preferred embodiment of the present invention.
The return radar signals are first sent to the signal processing
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subsystem, where a series of signal processing algorithms are
performed to suppress much of the additive noise from the
radar data, as described further in Lam Nguyen, “Signal and
Image Processing Algorithms for the U.S. Army Research
Laboratory Ultra-wideband (UWB) Synchronous Impulse
Reconstruction (SIRE) Radar,” ARL Technical Report ARL.-
TR-4784, April 2009, hereby incorporated by reference.
After the signal processing steps, the processed radar data are
sent to the IF-PC imaging subsystem that combines the radar
and the position data to form the SAR imagery. The image
formation process typically employs standard imaging tech-
niques such as the back-projection algorithm, as described in
the publication John McCorkle, Lam Nguyen, “Focusing of
Dispersive Targets Using Synthetic Aperture Radar,” original
ARL-TR-305 August 1994, reprinted March 2010, hereby
incorporated by reference, or the range migration algorithm
R. H. Stolt, “Migration by Fourier Transform,” Geophysics,
Vol. 43, No. 1, February 1978, p. 23-48, hereby incorporated
by reference. As mentioned in the previous section, although
the signal processing steps have performed the suppression of
unwanted noise from the return radar data, and the imaging
process also provides additional signal-to-noise gain by
coherently integrate radar data from many aperture positions,
the noise floor in the resulting image is still a major challenge
for the detection of smaller targets, especially if these targets
are located in the proximity of the sidelobes of the larger
objects. We invented an imaging technique (IF-PC) to gener-
ate almost noise-free SAR imagery. FIG. 6 shows the pro-
cessing steps of the IF pixel characterization technique that
may be performed by a SAR imaging subsystem.

With reference to FIG. 6, in step 1 the complete aperture A,
for SAR image formation is formed. In this step, the system
collects the return radar data, the coordinates of the receiver,
and the coordinates of the transmitter for each position k
along the aperture of N positions.

The radar data at each position is
(), 1sk=N (1A)

The coordinates of the receiver at each position is

Gr(B)yr(k)Zg(K),1 k=N (2A)
The coordinates of the transmitter at each position is
(x &),y (k),z (k)),1=ksN (3A)

For monostatic radar that uses the same transmitting and
receiving antenna, the coordinates of the receivers (xz(k),yx
(k),zz(k)) are identical to the coordinates of the transmitters
(xAk),y /k),zk)). Since the monostatic radar case is a spe-
cial case of the bistatic radar configuration, the algorithm
described here is applicable for both configurations.

The next step in FIG. 6 is to form a baseline image using
data from Aperture A, generated from step 1 using the stan-
dard backprojection algorithm.

In order to form an image from the area of interest, an
imaging grid is generated that consists of image pixels.

Each pixel from the imaging grid is located at coordinates

PG ypi)zp(),1s/=M (44)

The imaging grid is usually defined as a 2-D or 3-D rect-
angular shape. In general, however, the image grid could be
arbitrary.
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The backprojection value at j* pixel is computed as

_ B orse (K ) (58)

Poy;
N
L1 Wok

j l<j=<M,

Py, is the value of i pixel formed using the complete aperture
A,.Inequation (SA), by assigning the value of w, to be either
0 or 1, the weighting factors w,, define which aperture posi-
tions contribute to the formed image. In this case, since we
want to form an image using all of the TV aperture positions
of A,, each weighting factor has the value of 1 as follows:

weo=1,1=k<N. (6A)

The delay (shift) index (f(k,j)) in equation (5A) is com-
puted based on the round-trip distance between the transmit-
ting element, the image pixel, and the receiving element. The
distance between the k” transmitting element and the j*
image pixel is

itk =N —xp P + o) — yp G + ar) - 2o P . ™)

The distance between the k™ receiving element and the j*
image pixel is

8A
otk =)~ xp(DF + vk =y DF + Retl) -z (DF
The round trip distance is
d(kj)=d\(k))+d>(k.j) (9A)
The delay index is
dk, j 10A
it p= 2 (104)

The baseline image using the data from the baseline (com-
plete) aperture A, is

1={Py) (11A)

The image 1, is a bipolar (contains both positive and nega-
tive values) image that includes both amplitude and phase
information. The corresponding envelope image E, is com-
puted by computing the Hilbert envelope of I,. The procedure
to compute the envelope image is described in Nguyen, “Sig-
nal and Image Processing Algorithms for the U.S. Army
Research Laboratory Ultra-wideband (UWB) Synchronous
Impulse Reconstruction (SIRE) Radar,” ARIL Technical
Report ARL-TR-4784, April 2009.

Ey=IHilbert(Z,)! (12A)

Referring again to FIG. 6, the third step comprises gener-
ating a spare aperture from the complete aperture of N posi-
tions A, generated from the second step.

A, 1s<isL (13A)

where L is the number of iterations that the algorithm com-
putes.

The sparse aperture A, is a subset of the complete aperture
A,. This sparse aperture only consists of K positions that are
randomly selected from N positions in A, where K=p-N, and
0<p<l. The typical value for p=0.8. In this example, the value
of p=0.8 means that instead of using all of the positions from
aperture A, for imaging, only 80% of the aperture positions
are employed during the imaging process for this iteration. It
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is beneficial that the selection of K positions from N positions
be completely random, since this step is only one put of L
iterations that the preferred embodiment pixel characteriza-
tion technique will perform, as will be explained later.

One approach to implement this, sparse aperture is to gen-
erate a random vector for this i”” iteration:

W 1<ksN (13AA)

where the value of w;; is either O or 1. There are K elements of
W, having the value of 1, and (N-K) elements of w,, having
the value of 0.

Referring again to FIG. 6, the fourth step comprises form-
ing the magnitude image E, using data from the sparse aper-
ture A, (from step 3) and the backprojection algorithm (de-
scribed in step 2).

First, the bipolar image using the data from the sparse
aperture is computed as:

1=(B,)

s (14A)
From equation (5), the backprojection value at j' pixel

using the sparse aperture A, is computed as

Towes(f ) | 154

Pj= j=M

N
Tl Wik

Note that equation (15A) is the same as equation (5A),
except that the subscript 0 of Py, and w, in (5A) has been
replace by i in (15A). From equation (15A), although the
summation is performed from 1 to N, only data from K
aperture positions are contributed to the final value of the
image pixel since w,;, generated from equation (13A) only
contains K non-zero elements. Also note that the value of the
denominator X,_,™w,, in equation (15A) represents the num-
ber of non-zero elements. This value is used as normalization
factor for the final image pixel value.

The magnitude image E, using data from aperture A, is then
computed from the bipolar image I, as described in step 2.

E~IHilbert(I,)| (16A)

Referring again to FIG. 6, the fifth step of a preferred
embodiment comprises the repeating of the third and fourth
steps for L iterations (1=i<L).

Referring again to FIG. 6, the sixth step of a preferred
embodiment comprises classifying each pixel in the SAR
image based on the statistical distribution of its amplitude
across L iterations. There are two possible classes: 1) target
class that includes the pixels that are originated from physical
objects (main lobes), or 2) noise class that includes the pixels
originated from some artifact sources (noise, sidelobes).

For each j” pixel in the image grid, the decision statistic is
the standard deviation of the amplitudes of the pixel P, across
L iterations, and this standard deviation normalized by the
mean value of the amplitudes.

1 —
\ 23y - P
di=>Y—-

1 —
J

(1n
,=j=M,

where

1 . (18)
P; = zzlepij, l<j=<M.

The decision statistic described in equation (17) represents
the fluctuation (or randomness) of the amplitude of a pixel
across L iterations.



US 9,250,323 B2

13

Referring again to FIG. 6, the seventh step comprises com-
puting the pixel characterization SAR image (both magnitude
and complex) based on the decision statistics from step 6.

First, a binary image is generated based on the decisions
statistics computed from equation (17). Each j* pixel in the
binary image has a value of 0 (to represent non-target pixel) if
its decision statistic d, is greater than a threshold T, and 1 (to
represent target pixel) otherwise.

Eb={Pb,), 15jsM (18)

where
Pb=0,if d>T,

Pb~1,ifdsT.

The binary image contains NZ non-zero elements, Z zero
elements. The total number of the pixels in the image is
M=NZ+Z.

The resulting magnitude image is computed as

E={P) 15isM (19)

where
P=0,ifd>T,

P=max(Py),1=isM, if d;<T.

Since most of the pixels in the image are classified as
non-targets, this would generate a very low noise floor in the
resulting SAR image. The remaining pixels are classified as
targets. Each of these pixels will have the maximum value
across many iterations. Thus, the technique virtually wipes
out the noise floor that includes the sidelobes, and maximizes
the responses from the targets.

The resulting magnitude image of equation (19) is not a
complex image. That means the phase information is not
preserved in the image. The amplitude feature is probably the
most important one in SAR imaging, especially for the detec-
tion of difficult targets in the noisy environment. However, in
some cases, it is desirable to exploit the phase information
from the targets.

The pixel characterization technique of this preferred
embodiment also generates a complex SAR image that
includes both amplitude and phase information. From the
above equations, the bipolar baseline SAR imagery I, is gen-
erated. This is a bipolar SAR image that includes both ampli-
tude and phase information. However, the baseline SAR
image I, is contaminated with noise and sidelobes. In the
binary image Eb from equation (18), the algorithm classifies
each pixel in the image into either non-target class or target
class. Using this binary image, we can remove the noise floor
in the baseline SAR image I,.

The resulting bipolar (complex) SAR image that includes
both amplitude and phase information is computed as

1={PPb,) 15/sM 20)

where Pb; is the binary pixel as defined in equation (18).
The results of the simulation data of the basic concept of
SAR imaging show the performance of pixel characterization
technique of this preferred embodiment. A simulation data set
was generated using the following scenario. The radar travels
along a linear path, transmits impulse signals to the side of the
vehicle (perpendicular to the path of the vehicle) and captures
the return data. Along the path, the radar also records its
coordinates at every transmit/receive cycle. The coordinate
measurement also introduces errors in the measurement data.
There are four point targets in the scene. The data received by
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the radar is contaminated with additive white noise that is due
to system external RFI sources.

The SAR image generated from the return data using the
standard backprojection image formation algorithm.
Although the SAR image formation improves the SNR by the
integration across the aperture, the additive noise level is still
very high in the SAR image. In addition, the severe sidelobes
from the large targets are much more challenging. The energy
from the main, lobes of the large targets spreads to the sur-
rounding area. The error from the measured radar position
data causes the leaking of the energy from the main lobes. The
limitation of the aperture length is the main source of the
uncancelled sidelobes.

The signal processing system is currently realized in the
Matlab programming environment, but is not limited to Mat-
lab programming. It is intended for moving target indication
(MT]I) radar systems using an antenna array to achieve beam-
steering. A preferred embodiment of the invention comprises
coherent processing of signals measured by a random subset
of all available receive channels in the array, thereby intro-
ducing the concept of the concept of a “random array”. Sev-
eral realizations of the “random array” are realized and com-
bined via non-linear data processing operations to achieve a
reduction in azimuth sidelobe levels. The stopping criterion
(i.e. the number of “random array” realizations) is set based
on the experience of the operator.

Iterative Fourier Side Lobe Reduction for Steeped Frequency
Synthetic Aperture Radar

Recursive sidelobe minimization (RSM) has been applied
extensively to data sets in which no constraints have been
placed on the amount of transmitted bandwidth. That is, no
frequency notching was required prior to transmission of the
waveform. This is an extension of the earlier RSM technique
designed to reduce the artifacts introduced by frequency
notching. Results obtained applying the technique to both
simulated and measured data are described in the accompa-
nying Figures.

A block diagram of a preferred embodiment and process-
ing methodology is implemented in a synthetic aperture radar
(SAR) system is shown in FIG. 7, wherein a dashed box
indicates the general location of the improved sidelobe reduc-
tion pre-processing algorithm, the sidelobe reduction post-
processing algorithm, and the iterative processing procedure
indicated by the I-iteration loop in the diagram. Note that the
SAR image formation algorithm, as described in, inter alia,
U.S. Pat. No. 7,796,829, indicated by a solid rectangle 23
within the larger dashed rectangle 10, remains an integral part
of the enhanced formulation; hence, the invention could be
incorporated into any stepped-frequency SAR image forma-
tion process, without departing from the scope and spirit of
the invention.

The Iterative Fourier Side Lobe Reduction for Stepped
Frequency SAR methodology substantially reduces the
severity of sidelobe artifacts due to the elimination of n of the
N frequencies comprising the stepped frequency waveform.
It is derived in part from a novel application of concepts from
the theories, referenced in H. C. Stankwitz, R. J. Dallaire, and
J. R. Fienup, “Nonlinear apodization for side lobe control in
SAR imagery,” IEEE Trans. Aerosp. Electron. Syst., Vol. 31,
No. 1, pp. 267-279, January 1995, here by incorporated by
reference, and Emmanuel Candes, Justin Romberg, and Ter-
ence Tao, Robust uncertainty principles: Exact signal recon-
struction from highly incomplete frequency information.
(IEEE Trans. on Information Theory, 52(2) pp. 489-509, Feb-
ruary 2006), hereby incorporated by reference. Although the
present invention bear some: similarity to U.S. Pat. No. 7,796,
829 to Nguyen (hereinafter 829 Nguyen Patent), the pre-
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ferred embodiment methodology addresses a problem that is
fundamentally different than that addressed in the 829
Nguyen Patent. The problem formulation of 829 Nguyen
Patent concentrated on artifacts observed when the entire
transmitted bandwidth is available. The present invention
concentrates on, inter alia, artifacts induced by limiting the
allowed transmission frequencies to a subset of the available
band (i.e. “notching out” specific frequency steps).

FIG. 7 is a block diagram of a preferred embodiment meth-
odology, and its relation to the current image formation para-
digm. FIG. 7 provides a pictorial representation of how the
processing modifies the earlier SAR processing chain. The
dashed line labeled 10 encloses the SFRSM processing loop,
while the solid box 23 within the dashed line encloses the
SAR image formation step.

The processing steps denoted as “Sidelobe-Reduction”
processing in FIG. 7 are described in more detail by the
flowchart in FIG. 10.

Referring to FIG. 10, for each value of the loop counter, 1,
from O to L.-1, the algorithm first selects a random subset of
frequencies from those available after notching (k out of
N-n). It then calculates HRR profiles for each of the SAR
aperture positions, using the k randomly selected frequency
samples, and creates a SAR image, denoted “focused_im-
age.” The complex magnitude of each pixel in focused_image
is next compared with the magnitude of the corresponding
pixel in minlmage. If the pixel value in focused_image is
smaller than that in minImage or if the value ofi equals O, then
the current pixel value in minlmage is replaced by the pixel
value in focused_image. The effectiveness of this approach
rests on the basic tenet that those contributions to image pixel
values due to true objects within the image should remain
consistent, regardless of the frequency steps excised. Since
certain sidelobe patterns may cause small targets to be over-
whelmed by nearby larger targets, the minimum value
obtained from several different sidelobe configurations (i.e.
several different SFRSM frequency sets) should represent a
better estimate of the true underlying image pixel value. Once
the extraneous sidelobe energy has been removed, what
remains should represent the true underlying image pixel
value.

FIG. 8 is a schematic expansion of the steps represented
pictorially by boxes 11, 12, and 13 in FIG. 7. Following
completion of these steps, the vector s contains a set of fre-
quency samples collected at the same time instant. These
represent a Transformed version of the desired time-domain
signature. Hence, by taking a Fourier transform, one can
obtain the desired time-domain signature. Note that the direc-
tion of the FFT does effect the nature of the time-domain
signature, and it will be determined by the sweep direction
(ascending or descending) of the transmitted frequency steps.
An Inverse FFT for ascending frequency steps and a forward
FFT for descending frequency steps is utilized.

Referring now to FIG. 9, one can see that the preprocessing
box depicted in FIG. 7 comprises: (i) random excision of k
randomly selected frequency steps from the N-n steps avail-
able after transmission restriction, (ii) weighting of the
remaining samples (iii) calculation of the high resolution
time-domain signature via an FFT. Similarly, the postpro-
cessing box comprises a pixel-by-pixel comparison of the
magnitude of the current image with the minimum value
calculated for that pixel up to the current iteration. The small-
est value in this comparison becomes the new minimum value
stored at those pixel coordinates. Finally, as shown in these
figures, the process terminates after L iterations.

Referring now to FIG. 10, preferred embodiment system
implements an iterative procedure that achieves results by
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excising a different set of randomly selected frequencies at
each iteration. In what follows, it is assumed that N—n of the
available frequencies must be excised dueto restrictions from
a regulating authority, and (as a result) cannot be transmitted.
The k frequencies to be excised by the algorithm are selected
from this reduced set. It is noted that during the data collec-
tion, restricted frequencies (set by the FCC) are eliminated
prior to transmission; i.e., only the “allowed” frequencies are
received and transmitted. Thus the frequency samples input-
ted into Box 31 comprise a received complex signal at each
low resolution range gate. In Box 31, the system initializes the
output array (minlmage) and the looping variable (i). Note
that all pixel values in minlmage in Box 31 are initially set to
extremely large values (effectively, +o). In diamond 33, the
number of iterations are set at a number L, and if the iteration
count i is not greater than L, the steps in Boxes 34-37 are
repeated. A larger L results in better output imagery; at the
expense of increased computational time. As an example, the
value of L. may be selected as 20. In Box 34, k of the available
n frequencies are randomly selected and the complex samples
collected, at these frequencies (at each of the M aperture
positions) are set to zero (effectively removed). In Box 35, the
high resolution signature (via the FFT) is formed and the SAR
image is created using a suitable focusing algorithm. This
yields an (IxJ) complex 2D image. In classical SAR imaging
(e.g. airborne collection assets) the aperture is 1D, but it can
also be 2D (e.g. an antenna array, mounted on an SUV, that
moves forward and creates a radar picture of the road in front
of it). In Box 36, the complex magnitude of each pixel is
determined in the newly formed SAR image. These values are
compared with the corresponding pixel value in the output
array. A value is replaced in the output array if the newly
calculated value is smaller than the current output value.
Randomized Linear Receive Array Overview

Classical narrowband MTI systems often operate in the
Range-Doppler domain under the assumption that targets are
located kilometers from the radar platform. This assumption
allows wave fronts at the receive array to be considered planar
and enables beam-steering to be performed via a linear phase
adjustment across the array. Since the SIRE radar operates at
close range, however, this plane-wave assumption is no
longer valid. In addition, the SIRE system’s unique process-
ing architecture makes it particularly well-suited to time-
domain, rather than Doppler-domain, processing. These sys-
tem attributes, combined with the low velocity of the targets
to be prosecuted, lead us to implement an MTI approach
based on a change detection (CD) paradigm. The resulting
time-domain approach has proven to be extremely effective
for detecting slowly moving targets as part of the STTW
application.

As an initial MTI processing step, a time-domain, back-
projection algorithm is used to focus energy within the scene
using one frame of data, where a frame comprises measure-
ments from the pair wise combination of transmit and receive
channels for a single sequence of transmit pulses. From the
above referenced patent applications, recall here that: (i) the
SIRE system includes two transmit and 16 receive channels
and (ii) the transmitters fire in an alternating sequence. Thus,
each frame of data contains 32 measurements at each avail-
able downrange location. The back-projection algorithm
combines all of this information to produce an output image
for each frame, and pairs of images from adjacent frames are
then coherently subtracted to produce the final MTI image as
summarized by
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16 2 (1B)
e )= Y gifija(ri) and
gyt
Ap(x, ) = L1 (v, ) — L (x, ), (2B)

where r, ; represents the range gate from transmitter j and
receivericorresponding to image pixel (x,y), g(r, ;) represents
a weighting function, f;;, (r; ) represents the raw data from
transmitter j, receiver i, and time index k at range; gate r, ,,
I(x,y) represents the image pixel at coordinate (x,y), and A,
is the CD image used for MTI processing.

Although, the subtraction step in (2B) suppresses much of
the background clutter, certain MTI imaging artifacts still
remain, as evidenced by FIG. 11. The scenario for this data
collection comprised a lone man walking in a structure with
cinderblock walls. The necessary data were collected by the
stationary SIRE radar and then filtered to the 500 MHz-1500
MHz frequency band prior to image formation. The sidelobes
associated with various objects are clearly visible in FIG. 11.
These effects will be mitigated via the introduction of ran-
domized linear array processing.

Randomized Linear Array (RLA) Processing

Randomized array processing is, at its core, an adaptation
and extension of recursive sidelobe minimization (RSM)
algorithm developed for synthetic aperture radar (SAR).
There is, however, a difference in implementation. While the
earlier RSM algorithm required a moving platform and two-
dimensional synthetic aperture as part of its image formation
and sidelobe reduction procedures, only the one-dimensional
aperture afforded by the linear receive array is required. This
is due to the high degree of clutter cancellation achieved
through MTICD processing, which effectively eliminates the
background clutter returns competing with both targets and
sidelobe artifacts.

The description of the RLLA algorithm begins by noting that
it is an iterative process. During each iteration of the RLA
algorithm, a different, randomly selected subset of receive
channels is removed from the complete set available for MTI
image formation. After the algorithm completes its first itera-
tion, the complex magnitude of the newly created CD image
(i.e. the magnitude image) is saved. This magnitude image
then becomes our output CD image. During subsequent itera-
tions we compare each pixel of the current CD image with the
corresponding pixel of the output CD image. If the current
magnitude is smaller than the output magnitude, then we
replace the output value with the current one. This procedure
is repeated until either a predetermined number of iterations
have been performed or no further changes in output pixel
values are observed.

The procedure is summarized below for a fixed number of
iterations:

1. Determine the number of iterations, N and initialize the

output image variable, O.

2. Randomly generate Assets of M indices to be excised.
3. Form N coherent-difference CD images using the N sets of

(N-M) indices selected in #2.

4. Calculate the output image according to:

(3B)

OCx. y) = min{ | Agn(x, )1

where 1=m=N corresponds to a particular set of deleted
receive-array, elements and A,(x.y) is defined in (2).
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Since the sidelobe pattern in A, (X,y) varies from one
realization to the next, the operation in (3B) suppresses the
overall sidelobe response. The target (mainlobe) response,
however, remains consistent for all realizations (see (1) and
(2)); hence, it is not attenuated. From these observations it
becomes clear that the minimum in (3) is the mechanism
whereby the RLA algorithm can produce higher-quality CD
imagery.

It is worth noting that the same set of random indices must
be used for each constituent image of the CD difference (i.e.
I.(x,y) and I, ,(x,y)), The use of different indices would
result in different sidelobe patterns, and the output CD image
would be destroyed.

RLA-Generated CD Imagery

The effectiveness of the proposed RLA approach is illus-
trated in FIG. 13. To generate this image, we set N=100, and
M=5 in step #3 above, and we used data from the same SIRE
radar data collection used to generate the CD image in FIG.
11. In this scenario the test subject walked randomly inside a
structure with cinderblock walls while the stationary SIRE
radar collected data with the axis of its receive array parallel
to the front wall of the building. The data collection configu-
ration is illustrated in the diagram in FIG. 12. More specific
details regarding the experiment are provided in A. Martone,
K. Ranney, R. Innocenti, “Through-the-wall detection of
Slow-moving Personnel,” in Proceedings of SPIE, vol. 7308,
(2009), hereby incorporated by reference.

In the image of FIG. 13, one can immediately see that the
sidelobe “arcs” present in FIG. 11 are largely eliminated. This
observation is confirmed by the imagery in FIG. 14, which
shows the non-RLLA images corresponding to the RLA
images in FIG. 13. The color scales and data collection geom-
etry used to generate this imagery is the same as that used to
generate the imagery in FIG. 11.

The relative reduction in sidelobe level (in dB) obtained
using the RLA processing have been calculated and the
results are shown in FIG. 15 for the previously considered test
images. In orderto better visualize these results, a floor of —15
dB was selected and set all pixels in the image below -15 dB
to 15 dB. From the images in FIG. 15, it can be seen that a
reduction in sidelobe level in excess of 15 dB is possible.
Suchreductions should translate readily to areduction in false
alarms.

In summary, described herein is a new procedure for reduc-
ing the number and severity of artifacts in moving target
indication (MTI) imagery. In particular, as described in the
foregoing, this randomized linear array (RLA) algorithm can
effectively eliminate many of the sidelobes produced by
objects within an area under surveillance. The effectiveness
of the new technique has been documented, leveraging avail-
able sensing-through-the-wall data collected with the Army
Research Laboratory’s (ARL’s) low-frequency, ultra-wide-
band, synchronous impulse reconstruction (SIRE) radar sys-
tem. Results indicated that, at certain MTI image pixels, a
reduction in sidelobe level in excess of 15 dB is realized. Such
reductions could translate readily to a reduction in false
alarms. Higher quality input MTI imagery could only aid
downstream processing.

The present invention is similar to ARL patents/invention
disclosures ARL.-08-48 and U.S. application Ser. No. 13/046,
250 entitled “System and Method for Iterative Fourier Side
Lobe Reduction, filed Mar. 11, 2011 (ARL 09-20CIP),
hereby incorporated by reference. However, the present
invention reformulates and extends certain salient concepts
for application to the MTI problem. This new formulation is
then realized via introduction of the “random array”.
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One concept of the design is to randomize the receiver
array to reduce: azimuth sidelobes in moving target indication
(MTI) radar imagery. This is similar to the sidelobe phenom-
enon observed in synthetic aperture radar (SAR) processing.
MTT processing effectively reduces background clutter lev-
els, but moving targets still cast azimuth sidelobes that can
produce false alarms in downstream moving target detection
algorithms. By combining data measured by a randomly
selected subset of the available receive channels; however, the
location of nulls can effectively be altered in the resulting
beam pattern. Considering a minimum of several such real-
izations enables reduction of target sidelobes while preserv-
ing the target mainlobe response.

The concepts of the present invention have been applied to
moving target indication data collected by ARL’s synchro-
nous impulse reconstruction (SIRE) radar; where sidelobe
level reductions in excess of 15 dB have been observed.

Many beam-steering techniques rely upon a plane-wave
assumption; that is, the targets are far enough from the
receiver array that the impinging wavefronts emanating from
them can be considered to be planar. In this case, array taper-
ing can be used to reduce the azimuth sidelobe levels. This
fundamental assumption is not true, however, at close ranges.
Modern sense-through-the-wall (STTW) radar systems (such
as the SIRE radar, in one of its configurations), often operate
at standoffranges ofless than 100 m. In such cases, wavefront
curvature cannot be ignored, and our invention can reduce
sidelobe levels in these systems because it does not require
any assumptions regarding the nature of the measured signal.
A plane-wave assumption is not necessary. The “random
array” system fits neatly in-line with the existing beam-form-
ing algorithms, including delay-and-sum algorithms operat-
ing entirely in the time domain.

A preferred embodiment of the present invention may be
incorporated into military systems. For example, the ARL
SIRE radar system provides an ideal implementation plat-
form, due to its multi-element receiver array. In a stationary
mode of operation, the SIRE allows a user to observe the
movements of subjects obscured by building walls. A target
with a large reflectivity (radar cross section (RCS)), however,
will introduce azimuth sidelobes, causing false alarms to be
produced by both manual- and automatic target detection
(ATD) algorithms. The invention eliminates potential false
alarms by severely reducing sidelobes produced by the mov-
ing target. As a result, the user will be less likely to see a target
where there is none, and downstream tracking algorithms will
be more likely to maintain track on a target of interest.

Many military systems currently under development also
utilize an array of receivers, and these systems could benefit
from incorporation of this invention. Examples of such sys-
tems include the vehicle-borne radars under development at
both SRC and AKELA; incorporation of the invention into
their MTI processing chains should be relatively straightfor-
ward. Preferred embodiments of the present invention do not
require use of a specific beam-steering algorithm.

In addition, a network of closely spaced, unattended
ground sensors (UGS) with synchronized radars could also
leverage the invention. In this case the individual network
sensors are assumed to operate in concert, realizing gains
through coherent summation measured target responses.
Coordination between the various sensors would be required
to implement this mode of operation. Additionally, any sensor
system leveraging an array of receivers, such as a sonar array,
could also incorporate the invention.

The present invention would also benefit any similar com-
mercial radar system that employs an array of receivers. In
particular, the invention would benefit any eventual use of a

10

15

20

25

30

35

40

45

50

55

60

65

20

moving target indication (MTI) radar system that might be
used for law enforcement (e.g. hostage rescue, etc.) and first
responder (e.g., finding/tracking moving persons during a
fire) applications.

As used herein, the terminology “transmitter receiver” or
“transmitter-receiver” means an assembly or combination of
assemblies which receive and transmit electromagnetic sig-
nals.

The term “bitmap” is derived from a mapped array of bits,
and bitmapped and pixmap refer to the similar concept of a
spatially mapped array of pixels. The term “bitmapped” as
used herein encompasses pixmap. The term “bitmapped”
means a set of bits that represents a graphic image, with each
bit or group of bits corresponding to a pixel. As used in the
following claims, the term “bitmapped” encompasses all
images formed using pixels. For example, all images acquired
by digital cameras and camcorders, scanners, and screen cap-
ture programs are bitmapped images.

As used in the following claims, the term “processor”
means one or more processing units, central processing units,
processor cores, microprocessor(s), digital signal proces-
sor(s), multiprocessor, computer, programmable controller,
programmable chip, multiprocessor, personal computer,
CPU, coprocessor, central processor, or the like. The proces-
sors, computers, and/or controllers may be connected
together or to other circuitry in a manner known to those of
ordinary skill in the art.

As used in the foregoing claims, the terminology “area” as
in target area includes object(s), person(s), setting, place, or
scene. For example, “scanning an area” includes scanning an
object or objects, person or persons, place or scene. The
terminology positional data includes but is not limited to
spatial information relating to location.

As used herein and in the following claims, the terminol-
ogy “data point” “data point” represents the received signal
radar data from each position obtained during an instant or
interval in time combined with positional information. The
positioning information may, for example, correspond to the
transmitting and/or receiving position or location. The data
points may be collected by either an array of elements or a
single moving element which receives data at points in time,
or the combination of both; e.g., a physical array of elements
with the elements moving over increments of time. The data
collection may be sporadic or at specific intervals of time. As
exemplified in FIGS. 2 and 3, data points are obtained using
an array of receiving elements which receive data incremen-
tally. The data points are arranged to form an aperture.

As used herein, the term “aperture’” means the information
or data components used to form an image; which may be for
example, an array of data points developed from a scanned
area, target or scene which can be used to form an image. In
the apertures depicted in FIG. 3, each column represents an
interval during which the 1-k elements receive data; each
data point representing the image data from the signal
received combined with the coordinates of the receiving ele-
ment.

Further, the terminology “aperture” refers to the collection
of K data records along the path (or aperture) of travel of the
emitting radar or signal source. In general, the aperture could
be a line, a curve, a circle, or any arbitrary shape. The receiv-
ing element k from the aperture is located at the coordinate.
For bistatic radar (the transmitting antenna is separate from
the receiving antenna) the transmitting element k from the
aperture is located at the coordinate. For monostotic radar
(the transmitting antenna is the same as or co-located with the
receiving antenna) the transmitting coordinates would be the
same as the receiving coordinates. Since the monostatic radar
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case is a special case of the bistatic radar configuration, the
algorithm described here is applicable for both configura-
tions. The returned radar signal at this receiving element k is.
In order to form an image from the area of interest, we form
an imaging grid that consists of N image pixels. Each pixel
from the imaging grid is located at coordinate The imaging
grid is usually defined as a 2-D rectangular shape. In general,
however, the image grid could be arbitrary. For example, a
3-D imaging grid would be formed for ground penetration
radar to detect targets and structures buried underground.
Another example is 3-D image of inside human body.

After the data points are established in an aperture (or
array), as, for example, diagrammatically shown in FIGS. 2
and 3, a substantial portion of data points are removed from
the original aperture (array of data points) to form a “subar-
ray.” Conversely, the “subarray” may be formed by the selec-
tion of data points within the original aperture.

As used herein, the terminology “subject” or “object” or
“target” may include a thing, a person, animate or inanimate
subject, a plurality of objects, the ground, ground covering
(e.g., grass), a localized piece or pieces of the environment,
surface, physical entity (or entities) or anything that can be
observed.

Embodiments of the present invention are described herein
are schematic illustrations of idealized embodiments of the
present invention. The embodiments of the present invention
should not be construed as limited to a particular design or
program language and are not intended to limit the scope of
the present invention.

Although a few exemplary embodiments of the present
invention have been shown and described, it would be appre-
ciated by those skilled in the art that changes may be made in
these embodiments, without departing from the principles
and spirit of the invention, the scope of which is defined in the
claims and their equivalents.

The invention claimed is:

1. A method for generating images comprising:

receiving, via a radar, radar return signals from an area of
interest at a number of radar positions; acquiring radar
return data and positional data from the radar; each of the
positional data forming a positional record in an array of

positional records; each of the radar data comprising a

first number of radar data points in the frequency

domain;
forming an image comprising an array of pixel values
comprising:

a) randomly setting a percentage of the first number of
radar data points to zero; thereby selecting subsets of
receive channels for removal from the complete first
number of radar data points;

b) transforming the first number of radar data points into
time domain signature data;

c)differentiating the signature data in the time domain to
create a new set of signature data indicating the loca-
tion of moving targets;

d) forming an image by processing the signature data
utilizing an imaging subsystem that combines the
positional and signature data to form the moving tar-
get indication image utilizing one of a back-projec-
tion algorithm or range migration algorithm;

e) saving the pixel values for each of the image pixels
into a composite image;

f) repeating the step of randomly setting a percentage of
the radar data points to zero;

g) transforming the first number of radar data points into
time domain signature data;
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h) differentiating the signature data in the time domain to
create a new set of signature data indicating the loca-
tion of moving targets;

i) forming a second image by processing the signature
data utilizing an imaging subsystem that combines the
positional and signature data to form SAR imagery
utilizing one of a back-projection algorithm or range
migration algorithm;

j) comparing the pixel values at each of the pixel loca-
tions in the second image to the corresponding pixel
values of the composite image;

k) replacing the pixel values in the composite image if
the pixel value is less in the second image than it is in
the composite image;

1) repeating steps i) through k) for a pre-determined
number of iterations;

whereby the composite image is outputted with reduced

sidelobes and noise.

2. The method of claim 1 wherein the percentage of the first
number of radar data points set to zero is in the range of
approximately twenty to fifty percent.

3. The method of claim 1, further comprising the step of
processing return radar signals using a signal processing sub-
system, the signal processing subsystem comprising at least
one signal processing algorithm performed to suppress
unwanted noise from the returned radar data.

4. The method of claim 1 wherein data is collected at later
points in time so that the target may be observed in different
locations.

5. The method of claim 1 wherein the number of iterations
is within the range of 10 to 1000 and preferably within the
range of 20 to 150.

6. The method of claim 1 wherein the radar signature data
comprises synchronous impulse reconstruction radar data.

7. The method of claim 1 wherein prior to inputting from at
least one receive channel data collected at first and second
predetermined times, the pixel locations in the array are ini-
tialized by setting all values to a number in the range of
approximately 10'° to 10°!, and wherein the image is formed
using one of time-differencing or Doppler processing.

8. A method for generating images comprising:

receiving, via a radar, radar return signals from an area of

interest at a number of radar positions; acquiring radar

return data and positional data from the radar; each of the
positional data forming a positional record in an array of

positional records; each of the radar data comprising a

first number of radar data points in the frequency

domain,

forming an image comprising an array of pixel values

comprising:

a) randomly setting a percentage of the first number of
radar data points to zero;

b) transforming the first number of radar data points into
time domain projection data;

¢) differentiating the projection data in the time domain
to create a new set of projection data indicating the
location of moving targets;

d) forming an image by processing the projection data
utilizing an imaging subsystem that combines the
positional and projection data to form the moving
target indication (MTI) imagery utilizing one of a
back-projection algorithm or range migration algo-
rithm;

e) forming the complete aperture A, for MTI image
formation comprising combining the projection data,
the coordinates of the receiver, and the coordinates of
the transmitter for each positional record;
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) forming an imaging grid comprising M image pixels
wherein each pixel in the imaging grid is located at
coordinate (X(1),y (1), Zx(1));

g) saving the pixel values for each of the M image pixels
into a composite image grid;

h) randomly setting a percentage of the first number of
radar data points to zero;

1) transforming the first number of radar data points into
time domain projection data;

j) differentiating the projection data in the time domain
to create a new set of projection data indicating the
location of moving targets;

k) forming an image by processing the projection data
utilizing an imaging subsystem that combines the
positional and projection data to form the SAR imag-
ery utilizing one of a back-projection algorithm or
range migration algorithm;

1) forming the complete aperture A, for MTI image for-
mation comprising combining the projection data, the
coordinates of the receiver, and the coordinates of the
transmitter for each positional record;

m) forming an imaging grid comprising M image pixels
wherein each pixel in the imaging grid is located at
coordinate (X(1),y (1), Zx(1));

n) comparing the pixel values of the imaging grid to the
corresponding pixel values of the composite image;

0) replacing the pixel values in the composite image grid
if the pixel value is less in the imaging grid than the
corresponding pixel value of the composite image
grid to form a new composite image grid;

p) repeating the steps h) through o) for a predetermined
number of iterations;

whereby the composite image grid is outputted with

reduced sidelobes and noise.

9. The method of claim 8 wherein the percentage of the first
number of radar data points set to zero is in the range of
approximately twenty to fifty percent.

10. The method of claim 8 wherein the radar projection
data comprises synchronous impulse reconstruction radar
data.

11. A method for generating images comprising:

receiving, via a radar, radar return signals from an area of

interest at a number of radar positions; acquiring posi-
tional data and radar return data at different frequencies

from the radar; each of the positional data forming a

positional record in an array of positional records; each
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of the radar data comprising a first number of radar data
points in the frequency domain;

forming an image comprising an array of pixel values
comprising the steps of:

a) randomly setting a percentage of the first number of
radar data points to zero; thereby selecting subsets of
receive channels for removal from the complete first
number of radar data points;

b) transforming the first number of radar data points into
time domain signature data;

c) differentiating the signature data in the time domain to
create a new set of signature data indicating the loca-
tion of moving targets;

d) forming an image by processing the signature data
utilizing an imaging subsystem that combines the
positional and signature data to form the moving tar-
get indication image utilizing one of a back-projec-
tion algorithm or range migration algorithm;

e) saving the pixel values for each of the image pixels
into a composite image;

f) repeating the step of randomly setting a percentage of
the radar data points to zero;

g) transforming the first number of radar data into time
domain signature data;

h) differentiating the signature data in the time to create
a new set of signature data indicating the location of
moving targets;

1) forming a second moving target indication image by
processing signature data utilizing an imaging sub-
system that combines the positional and signature
data to form SAR imagery utilizing one of a back-
projection algorithm or range migration algorithm;

j) comparing the pixel values at each of the pixel loca-
tions in the second image to the corresponding pixel
values at each of the pixel locations in the composite
image;

k) replacing the pixel values in the composite image if
the pixel value in the second moving target indication
image is less than the corresponding pixel value ofthe
composite image; and

1) repeating steps f) through k) for a pre-determined
number of iterations;

whereby the composite image is outputted with reduced
sidelobes and noise.
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